Abstract: Carbonado diamonds from the Central African Republic (CAR) were investigated using spectroscopic observations. Raman spectra for a polished section of carbonado showed the average Raman frequency as 1333.0 cm −1 ; measurements 10 µm below the sample surface showed a bimodal distribution of the Raman frequency with the average at 1333.5 cm −1 . These contrasting results indicate that the carbonado interior retains considerable residual pressure. The maximum residual pressure detected in this study from the 10 µm subsurface was 0.49 GPa. From infrared (IR) absorption spectra for crushed carbonado samples, no absorption attributable to diamond was observed because absorption bands of mineral and fluid inclusions were too strongly observed. Acid leaching treatment of the crushed grains elicited IR bands assignable to intrinsic diamond vibration and nitrogen impurity in the diamonds. Nitrogen atoms in the CAR carbonado were not much aggregated and the degree of aggregation was intermediate between type Ib and type IaA. In the chemically treated samples, IR absorption bands from liquid water and carbonate were ubiquitous suggesting that the CAR carbonado samples contain fluid inclusions and are similar to diamonds containing mantle-derived fluids. The experimental results of this study suggest that the CAR carbonado originated from rapid heating event with a presence of fluid in the mantle and subsequent rapid cooling before aggregation of nitrogen impurity in the diamond lattice.
Introduction
Polycrystalline aggregates of diamond, so-called carbonado, are characterized by a lack of mantle-derived mineral inclusions, a 13 C-depleted isotopic composition, trace element abundance patterns that are distinct from kimberlite, and radiation effects from radioactive nuclides (Trueb & Butterman, 1969; Trueb & de Wys, 1969; Trueb & de Wys, 1971; Ozima et al., 1991; Shibata et al., 1993; Kamioka et al., 1996; De et al., 1998) . Based on these observations, several assumptions on the genesis of carbonado have been proposed: metamorphism caused by a large impact on the Earth's crust during the Precambrian era (e.g. Smith & Dawson, 1985) ; transformation of organic sedimentary carbon into diamond in a cold subducted slab (e.g. Robinson, 1978) ; and radiation-induced diamond formation from organic carbon (Kaminskii, 1987; Ozima et al., 1991; Daulton & Ozima, 1996) . The origin of carbonado remains controversial. Heaney et al. (2005) summarized the current understanding of their origin. Recently, a close relationship between photoluminescence (PL) spectra and the carbon isotope compositions of carbonado has been reported . Similar correlation was also previously reported between cathodo- † Passed away on October 10, 2006. luminescence (CL) and carbon isotopic distributions, suggesting a multi-step growth process, which results in the heterogeneity of isotopic and optical signatures (De et al., 2001) .
For considering the carbonado origin, the most important issue is presumably the determination of whether carbonado is formed under static high-pressure and hightemperature conditions in the mantle or not. One means to trace the depth origin of diamond is to detect the remnant pressure (residual stress) in mineral inclusions of diamond and the stress surrounding diamond (Izraeli et al., 1999; Sobolev et al., 2000) . Fukura et al. (2005) attempted to detect the surface stress distribution of carbonado from precise PL mapping with spatial resolution of less than 300 nm using scanning near-field optical microscopy (SNOM). They reported no stress on the carbonado surface. However, they detected a considerable upshift of Raman spectra of carbonado from 5 µm beneath the sample surface, suggesting that the residual stress exists locally inside of carbonado. In their study, the detection of the residual stress was limited to one sample point. Consequently, a systematic comparison of residual stress between the surface and subsurface has not been performed. Clarification of the residual pressure in carbonado will improve our understanding of the origin of carbonado, especially the highpressure aspect of its origin. Furthermore, it is important to 0935-1221/08/0020-1817 $ 3.15 DOI: 10.1127/0935-1221/2008/0020-1817 388 H. Kagi, S. Fukura observe intrinsic optical properties of carbonado diamond using infrared (IR) spectroscopy. IR absorption spectra of diamond involve information related to the aggregation state of nitrogen which is the major impurity in diamonds and which can be a useful thermal indicator. It is also worthwhile to note that IR spectroscopy is sensitive to volatile inclusions in diamond. For this study, Raman and IR spectra of carbonado from the Central African Republic (CAR) were measured in detail and the origin of carbonado was reconsidered.
Samples and experimental methods

Sample and chemical preparations
Carbonado samples studied here were mined from alluvial deposits in the Central African Republic (CAR) and provided by a commercial dealer; the average grain size was 5-10 mm. We studied a suite of samples using spectroscopic methods, chemical analyses, etc., as described in the Introduction (Kagi et al., 1991 (Kagi et al., , 1994a Fukura et al., 2005) . For measuring Raman spectra, one face of a carbonado grain of approximately 3 × 5 × 1.5 mm was polished to optical grade. This sample specimen was identical to the sample we used to measure PL spectra with the SNOM system (Fukura et al., 2005) . The sample surface is smooth, with grain boundaries of diamonds and brown inclusions indicating the presence of hematite. The inclusions are visible using optical microscopy (see Fig. 1a ). For measuring infrared (IR) absorption spectra, specimens were crushed to the size of several tens micrometers and leached in a mixture of HF and HNO 3 at 180
• C in a sealed Teflon vessel for at least two days. By repeating the chemical treatments, most mineral inclusions were decomposed and intrinsic absorption bands assignable to diamond were obtained. Photomicrographs of representative grains for infrared spectra are shown in Fig. 1b .
Raman spectra of carbonado
Raman spectra of the polished carbonado specimen were obtained with a Raman microprobe consisting of a 30 cm single polychromator (250is; Chromex, Inc.), equipped with an optical microscope (BX60; Olympus Optical Co. Ltd.), an Ar + laser (5500 A; Ion laser Technology, Inc.), a CCD camera with 1024 × 128 pixels (DU420-OE; Andor Technology) and a super notch filter (HIPF-514.5-1.0; Kaiser Optical Systems, Inc.). Excitation light of the Ar + gas laser was a 514.5 nm line; the laser power was approximately 3 mW at the sample surface. The Raman shift was calibrated carefully using a naphthalene standard with energy resolution of approximately 0.1 cm −1 after applying peak fitting procedures (Kawakami et al., 2003; Fukura et al., 2006; Yamamoto et al., 2007) . The beam size of the incident light was approximately 1 µm using a 100× objective lens. All measurements were conducted at room temperature. The exposure time for obtaining one spectrum was 20 s. The optical configuration of the Raman microprobe is the confocal alignment, Raman spectra from a certain depth can be observed selectively. For this study, Raman spectra of carbonado were obtained from the surface and 10 µm below the surface. In general, carbonado diamond particles are much smaller than this depth value. In this study, subtle changes in Raman shift were detected to determine the residual stress in carbonado. Recently, Fukura et al. (2006) pointed out that a deviation in room temperature can affect the Raman shift strongly. For that reason, we carefully prepared the temperature conditions of our laboratory, details of which are described later.
Infrared (IR) absorption spectra of carbonado
Infrared (IR) absorption spectra were measured using a Fourier-transform infrared (FTIR) spectrometer (Spectrum 2000; Perkin-Elmer Inc.) equipped with an IR microprobe. All samples were heated to 100
• C for at least 8 h before measurements to remove adsorbed water. Chemically treated carbonado grains were set on a KBr plate and IR incident light was applied through a square optical aperture of 50 µm × 50 µm at minimum. Dry air was pumped continuously into the IR microscope to prevent interference from atmospheric water vapor. The IR absorption spectra were obtained using a globar light source, a KBr beam splitter and an MCT detector. Spectral measurements were carried out at 4 cm −1 and interferograms from at least 300 scans were averaged to obtain one spectrum.
Results and discussion
Raman spectra of carbonado Figure 2 shows representative Raman spectra of carbonado. Figure 2a shows a Raman spectrum obtained from 10 µm below the surface of the polished carbonado sample. Figure 2b shows a Raman spectrum of a single-crystal diamond with diameter of approximately 4 mm. This diamond is a natural type Ia diamond that is free from mineral inclusions. Raman scattering attributable to the F 2g mode of lattice vibration of diamond was observed at approximately 1333 cm −1 for both spectra. Several remarkable differences are apparent between the two spectra. First, the baseline of the carbonado spectrum is much higher than the standard diamond. As described in previous reports, carbonado samples emit very intense photoluminescence (PL) because of the presence of radiation-induced lattice defects (Kagi et al., 1991 (Kagi et al., , 1994a (Kagi et al., , 1994b . Excitation with the 514.5 nm Ar + laser induces PL lines at 504 nm (2.46 eV), 575 nm (2.16 eV) and 638 nm (1.95 eV) for the CAR carbonado samples. The uplifted baseline for carbonado results from the contribution of intense PL of carbonado.
Second, the half width of Raman spectra of carbonado is much greater than that of the standard diamond sample. The half width of Raman spectra of diamond correlates respectively with the degree of crystallization and the internal stress. With decreasing diamond crystallinity, the peak width of Raman spectra increases (Miyamoto, 1998) . The difference in the half width is attributable to the lower crystallinity of carbonado diamond than that of a millimetre-sized single crystal of diamond. Furthermore, a considerable up shift in the diamond Raman band was also observed for some spectra of carbonado as described later. With increasing internal stress, the peak position of Raman spectra shifts toward a higher wavenumber (Boppart et al., 1985) . Fukura et al. (2005) reported an upshifted Raman spectrum of carbonado. According to their results, the upshift (2.0 cm −1 ) in the Raman spectrum corresponding to 0.72 GPa was detected from 5 µm below the surface of the carbonado sample. They inferred a high-pressure origin of carbonado from the remnant internal stress inside the specimen. However, no systematic comparison between the surface of carbonado sample and the inside was conducted. In the present study, we acquired Raman spectra on the surface of the polished specimen and 10 µm below the sample surface. As explained in the experimental procedure, using the confocal optical alignment with of a ×100 objective lens, the Raman signal was collected locally from a spheroidal region with 1 µm diameter and 5 µm depth.
Raman spectra of the polished carbonado sample were obtained at arbitrary positions for 25 points at the sample surface and 24 points 10 µm below the surface. To determine the peak position of Raman spectra precisely, curve fitting to a Lorentzian function was applied after subtracting a baseline in the region of 1250-1400 cm −1 . Raman spectra of a standard diamond crystal shown in Fig. 2b were also measured at arbitrary positions. The average Raman shift of the standard sample for 8 points was 1333.0 cm −1 , with the standard deviation of 0.02 cm −1 . This Raman shift is a typical value for a single crystal diamond without strain. Figure 3 shows histograms of the Raman shift for the polished carbonado sample. Average values of Raman shift for the carbonado surface and 10 µm below the surface were, respectively, 1333.0 cm −1 and 1333.5 cm −1 . Raman spectra collected inside of carbonado sample were slightly higher in frequency than those collected on the sample surface. The energy resolution of our spectrometer was approximately 0.1 cm −1 by applying the numerical peak fitting procedure and is much smaller than this difference. As described already, an upshift of Raman spectra toward higher frequency corresponds to an increase in pressure (internal stress). This property is useful to estimate the pressure of diamond under a stress field. Figure 3a shows that the average Raman shift of the surface of carbonado was equal to that of the standard diamond sample. Some of the data are very low in frequency. These downshifted data presumably resulted from the increased surface temperature induced by an incident laser (Kagi et al., 1994b) . Although the laser power applied in the present study was sufficiently low (3 mW) to prevent laser-induced heating, the rise in sample surface temperature could cause the low Raman frequency because Raman spectra obtained from 10 µm below the surface did not show such downshifted data. This artefact affects the uppermost surface of the sample with small grain size whose thermal conductivity is relatively low.
Moreover, it is noteworthy that the histogram of Raman data from the subsurface is bimodal (see Fig. 3b ): one distribution apparently exists at around 1333.8 cm −1 . In the present study, the maximum Raman frequency was observed at 1334.4 cm −1 , corresponding to the residual pressure of 0.49 GPa by applying the pressure-dependence of 2.87 cm −1 /GPa (Boppart et al., 1985) and resembling the result of Fukura et al. (2005) . The results of the present study confirm that the residual stress was retained inside of the carbonado. Furthermore, the bimodal distribution of Raman shift, as shown in Fig. 3b , suggests that some regions were stress-free even under the same depth from the surface, which implies that the residual stress was retained heterogeneously in carbonado and that the residual stress was distributed locally in the grain boundary or the interface between diamond and mineral inclusions. The presence of residual stress itself does not necessarily demonstrate that carbonado is of high-pressure origin, because residual stress is present even in polycrystalline ceramic materials synthesized at ambient pressure by thermal expansion anisotropy and misfitting intragranular dispersion (e.g. Kovalev et al., 2000; Nakagawa et al., 2006) . However, trapping of mineral inclusions in the mantle can also induce residual stress because of the difference in the bulk modulus and thermal expansivity between mineral inclusions and diamond. The presence of residual stress clarified in this study cannot be the direct evidence of the high-pressure origin of carbonado. However, the spatial relationship between residual stress and grain distribution in future will give a clue to the origin of residual stress in carbonado.
Infrared spectra of carbonado
Figure 4 depicts two representative infrared (IR) spectra of carbonado before acid leaching treatment. These spectra involve the absorption bands assignable to H 2 O fluid, carbonates clay minerals and silicate. It is noteworthy that these spectra do not exhibit the intrinsic absorption bands derived from diamond lattice in the region between 1800 cm −1 and 2300 cm −1 , which means that all IR absorption bands are attributable to the abundant inclusions in carbonado. Kagi et al. (1994a) first reported IR absorption spectra of CAR carbonado. The presence of nitrogen platelet was suggested from the characteristic absorption band at around 1384 cm −1 . However, Kagi et al. (1994a) showed no intrinsic absorption band of diamond; it remained unclear whether the band at 1384 cm −1 can truly be assigned to nitrogen platelets, as pointed out by Garai et al. (2006) . They suggested BN contamination in the stainless container that was used to crush the carbonado as one possibility. Figure 5 shows a representative IR spectrum after acid leaching is shown; the intrinsic diamond absorption and the absorption bands originating from nitrogen impurity are readily apparent. Mineral-originated absorption bands disappeared after the treatment. In contrast, fluid-originated absorption bands at 3400 cm −1 and 1640 cm −1 were observed even after the acid treatments. Before the acid leaching procedure, the IR spectra differed from each other as shown in Fig. 4 . However, after acid leaching, the IR spectra were mutually similar and actually no difference is visible grain-by-grain (data not shown). This similarity strongly suggests that some fluid inclusions are primary inclusions, the carbonado was secondarily altered; that alteration was heterogeneous within a carbonado sample. That characteristic is consistent with a report of De et al. (2001) of heterogeneous textures of CAR carbonado by cathodoluminescence and carbon isotope distributions.
Furthermore, it is noteworthy that the OH stretching band at 3400 cm −1 and HOH bending vibration at 1640 cm −1 derived from H 2 O liquid in addition to the carbonate band at 1420 cm −1 were ubiquitously observed for the acid treated grains. We carefully dried the sample before and after the acid leaching procedure. For that reason, contamination of water during laboratory processes is unlikely. Garai et al. (2006) also observed absorption bands assignable to liquid water. Fluid inclusions and carbonate inclusions were highly durable during the acid leaching procedures in contrast to the hydrous silicate inclusions, which decomposed eventually after the treatment. These observations strongly suggest that the fluid inclusions are primarily trapped within the carbonado crystals and carbonate minerals precipitate in the inclusions. If that is the case, it can be suggested that C-O-H fluid or volatile-rich melt had been involved during the carbonado crystallization. The presence of C-O-H mantle fluid in natural diamonds has been reported and the close relationship between the mantle fluid and diamond crystallization has been clarified (Chrenko et al., 1967; Navon et al., 1988; Guthrie et al., 1991; Navon 1991; Izraeli et al., 2001; Zedgenizov et al., 2004) . Considering the residual pressure observed using Raman spectroscopy and the similarity to the mantle-originated diamonds in the involvement of C-O-H fluid in carbonado, it is reasonable to infer that carbonado was crystallized in the mantle under high-pressure and high-temperature conditions.
Nitrogen aggregation state of carbonado
The IR absorption bands attributable to nitrogen impurity involved in the diamond lattice are visible in the region of 1000-1500 cm −1 . Impurities comprising nitrogen atoms in diamond undergo aggregation in the diamond lattice by kinetic diffusion. The aggregation state depends strongly on the mantle residence time of diamond, its nitrogen content and the temperature history (Chrenko et al., 1977; Walker, 1979) . The shape of IR absorption bands changes according to the aggregation state of nitrogen. The nitrogen aggregation sequence progresses from isolated substituted nitrogen atoms in type Ib diamonds, nitrogen pairs in type IaA diamonds and finally type IaB diamond containing nitrogen atoms in tetragonal arrangement and platelets (Evans & Qi, 1982; Taylor et al., 1996 and references therein) . Figure 6a presents the infrared spectrum of carbonado corresponding to the region covering absorption bands derived from nitrogen impurities in diamond lattice. The spectrum is identical to that shown in Fig. 5 . The absorption spectrum is overlapped with a couple of absorption bands attributable to silicate inclusions. However, the remaining absorption bands are assignable to absorption bands of nitrogen impurities of type Ib and type IaA. For comparison, IR absorption spectra of type Ib and type IaA are displayed respectively in Fig. 6b and 6c. These observations imply that the aggregation state of carbonado is intermediate between type Ib and type IaA and that the aggregation state of nitrogen in carbonado is not high.
In addition to the representative carbonado sample whose IR spectrum is shown in Fig. 6 , carbonado diamonds having various nitrogen concentrations were studied. Table 1 lists the nitrogen concentration and the extent of nitrogen aggregation (IaA (%) = IaA / (Ib + IaA) × 100) for four grains. The extent of nitrogen aggregation was calculated using fitting of a linear combination between the type IaA spectrum (see Fig. 6b ) and type Ib spectrum (see Fig. 6c ) into observed IR spectra. The estimated values contain 5% errors overall. Nitrogen contents were estimated from the relative absorbance ratio of nitrogen-induced bands to intrinsic diamond bands around 2000 cm −1 (Clark et al., 1992) . In four samples, except for one sample (ML30_2) having very low nitrogen concentration, the respective aggregation state was intermediate between those of type Ib and type IaA and mutually similar.
For examining the precise temperature history and residence time at high temperature activating the aggregation of nitrogen impurity, we used the relationship between the extent of aggregation (type IaA %) and nitrogen concentration reported by Taylor et al. (1996) . Given that the surrounding temperatures were 2000
• C, 1400
• C, 1000
• C and 900
• C, the mantle residence time can be estimated respectively as 300 s, 1 yr, 1 Myr, and 1 Gyr. Ozima & Tatsumoto (1997) reported that the formation age of carbonado was 2.6-3.8 Gyr ago. It is expected that carbonado crystallized in a short period and was quenched after crystallization of diamond to reconcile the less-aggregated nitrogen with the geologically greater age of carbonado. The radiation from radioactive elements was known to be present after the crystallization event, because the PL bands of carbonado suggest that the maximum temperature carbonado exposed after the formation of radiation center was not higher than 400
• C (Kagi et al., 1994a; Kagi et al., 2007) . Recently, attempts were made to duplicate the carbonado microstructure by sintering diamond or graphite powders at high pressure and high temperature without a catalyst (Irifune et al., 2003 (Irifune et al., , 2004 De et al., 2004) . The grains of the synthetic polycrystalline diamond aggregates are one or two orders of magnitude smaller than those of natural carbonado. In particular, the direct conversion of graphite to diamond reported by Irifune et al. (2003 Irifune et al. ( , 2004 suggests that diamond aggregates with small grains crystallized at a high super saturation state over a short period. Taken together, the experimental results obtained in the present study suggest that some rapid heating event such as an upwelling hot plume, with the presence of mantle fluid and subsequent cooling, could be a possible origin of diamond. The origin of carbonado remains difficult to conclude definitively. Further studies of isotopic compositions and trace element patterns, including platinum group elements, will elucidate the formation history of carbonado in the mantle.
